dividing HeLa cells, only basal transcription was ob-(S300). Fractions were analyzed by SDS-PAGE (
, upper image) and for OCA-S activity (lower image). served in an assay system that contained purified general transcription factors, the USA coactivator fraction, This step resulted in an overall purification of ‫-000,03ف‬ fold and an estimated native size of ‫003ف‬ kDa for OCA-S. purified Oct-1, and the B-cell coactivator OCA-B (Luo and Roeder, 1995) . However, transcription of the H2B
The OCA-S activity coeluted with seven polypeptides, whose identities were revealed by peptide sequencing. promoter in this assay system was markedly and selectively stimulated by a HeLa nuclear extract-derived 0.3 p20 and p18 were identified as nm23-H1 and nm23-H2, respectively, and are thought to possess nucleoside M KCl phosphocellulose (P11) fraction ( Figure 1A ) that contained most of this OCA-S activity ( Figure 1B ). The diphosphate (NDP) kinase activity (reviewed in Freije et al., 1998). One polypeptide in the p36 doublet band was OCA-S activity in the P11 fraction was further enriched by S-Sepharose, Q-Sepharose, and hydroxyapatite identified as uracil-DNA glycosylase (UNG), whereas the other was identified as LDH (lactate dehydrogenase). steps, resulting in an overall purification of ‫-000,61ف‬fold ( Figure 1A) .
The 38 kDa protein was identified as glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Although wellTo investigate the promoter specificity of OCA-B versus OCA-S, we compared the functions of recombinant characterized glycolytic enzymes are localized predominantly in the cytoplasm, nuclear localization and DNA OCA-B and highly purified OCA-S (hydroxyapatite fraction) on wild-type or octamer mutant H2B and immunobinding activities of GAPDH and LDH have been documented (reviewed in Ronai, 1993) . The p65 and p60 globulin heavy chain (IgH) promoters cloned upstream of the same reporter gene ( Figure 1C ). OCA-S stimulated proteins were identified as Hsp70 and Sti1, which are components of molecular chaperones (reviewed in Frydoctamer-/Oct-1-dependent transcription from the H2B promoter, but not from the IgH promoter, whereas the man and Hohfeld, 1997). reverse was true for OCA-B. A weak stimulatory effect of OCA-S on the octamer-independent transcription p38/GAPDH Interacts Directly with Oct-1 In view of the interaction of OCA-B with Oct-1/-2 POU from the H2B promoter was also observed (Figure 1C) , suggesting a potential role of OCA-S in a core promoter domains (Luo and Roeder, 1995), we examined the seven OCA-S-associated polypeptides for similar interinteraction.
The OCA-S enriched hydroxyapatite fraction was furaction(s). When in vitro translated proteins were tested in GST pull-down assays, only p38/GAPDH bound to ther purified by chromatography on heparin-Sepharose and then subjected to gel filtration on Sephacryl 300
GST-fused POU-1 and POU-2 (Figure 2A ). Moreover, homogeneous purified recombinant p38/GAPDH also were analyzed by immunoblotting. Anti-Oct-1, anti-p38/ GAPDH, and anti-NPAT antibodies all coimmunoprecipibound to the POU domains ( Figure 2B ), indicating a direct interaction. p38/GAPDH thus becomes a new tated Oct-1, p18/nm23-H2, p20/nm23-H1, p38/GAPDH, p60/Sti1, and NPAT ( Figure 2D) Figure 2D ). vealed protein sequence conservation throughout the entire length, except for two small regions (underlined These results, together with the observed copurification of seven OCA-S-associated proteins, strongly support in Figure 2C ) where the conservation is restricted to vertebrates. These vertebrate-specific sequences might the notion that these seven proteins form a complex, hereafter designated OCA-S, and that this complex inprovide the basis for Oct-1 interactions and transcriptional activation functions (see below) on H2B genes, teracts with Oct-1 in vivo, most likely via p38/GAPDH. The observed NPAT-OCA-S interaction further suggests although the involvement of p38/GAPDH and Oct-1-related POU domain proteins in the regulation of nonvera physical link between NPAT and the H2B transcriptional regulatory machinery, possibly via a transient tebrate H2B transcription, via the octamer element, is not yet excluded.
mechanism (see Figure 6I , Figure 8E , and Discussion). We then employed coimmunoprecipitation assays to examine possible in vivo interactions among OCA-Sp38/GAPDH Has an Intrinsic Transactivation Potential associated proteins, as well as interactions between these proteins and Oct-1. Since NPAT has been impliTo test whether one or more subunits of the OCA-S complex might possess an intrinsic transactivation pocated in the transcription of multiple histone subtypes (Ma et Figures 4E and 4F) . The f-p38-HA in these preparations is predominantly monomeric since the endogenous p38/GAPDH did not copurify (compare Figure  4F with 4G). Addition of purified nuclear f-p38-HA to the p38/GAPDH-deficient extracts restored high-level H2B transcription ( Figure 4H ), thus confirming a transcription coactivation function for nuclear p38/GAPDH. In marked contrast, addition of monomeric cytoplasmic f-p38-HA ( Figure 4H ) or commercial tetrameric GAPDH from eryth- GAPDH may be important for its nuclear function in H2B transcription.
Immunodepletion of endogenous p38/GAPDH and afproteins (Figure 3 ). This result indicates that p38/GAPDH finity purification of f-p38-HA were very inefficient under has a transactivation potential that might account for physiological salt conditions (data not shown). It is conmost, if not all, of the OCA-S transcription activity. A ceivable that endogenous p38/GAPDH and tagged fprominent role of p38/GAPDH in the OCA-S complex p38-HA epitopes are blocked by other proteins of the thus prompted focus on p38/GAPDH in further studies OCA-S complex, thus making p38/GAPDH poorly acof the transcription function of the complex. cessible to antibodies under these conditions. Consistent with this possibility, as well as a high salt-induced dissociation of p38/GAPDH from other OCA-S subunits p38/GAPDH Is Essential for Octamer-/ that remained intact in the p38/GAPDH-depleted extract Oct-1-Dependent H2B Transcription In Vitro ( Figure 4A ), the optimal salt condition either for immunoTo study the transcription function of the OCA-S comdepletion of endogenous p38/GAPDH or for affinity puriplex, we first attempted to immunodeplete OCA-S profication of f-p38-HA on M2 agarose was 500 mM KCl. teins from HeLa cell nuclear extracts with specific antibodies. Of the available antibodies tested, anti-p38/ GAPDH and anti-p60/Sti1 quantitatively removed correp38/GAPDH Is Essential for H2B Transcription In Vivo sponding proteins under high salt conditions (500 mM KCl; Figure 4A ). Depletion of p38/GAPDH, but not p60/ To test the role of p38/GAPDH in H2B transcription in vivo, we used the RNA interference (RNAi) method (ElSti1, reduced octamer-dependent H2B transcription by ‫-4ف‬fold ( Figure 4B ). Consistent with a role for OCA-S in bashir et al., 2001) to block p38/GAPDH expression in human U2OS osteosarcoma cells. As these cells and the core promoter interaction ( Figure 1C ), depletion of p38/GAPDH and p60/Sti1 also reduced, albeit marginother cells used throughout this study were routinely passaged and maintained in pyruvate-containing meally, transcription from the octamer mutant H2B promoter ( Figure 4C ). Indicative of promoter specificity, dium, any requirement for p38/GAPDH in the glycolytic pathway could be bypassed. Immunoblot analysis re-OCA-B-dependent activation of the IgH promoter was intact in either p38/GAPDH-or p60/Sti1-depleted exvealed a time-dependent reduction in the nuclear p38/ GAPDH protein level, which was already significant at tracts ( Figure 4D ).
Altogether, these results suggest that p38/GAPDH is 24 hr and reached ‫%09ف‬ reduction at 60 hr, whereas the levels of Oct-1 and other OCA-S components were an essential nuclear factor for H2B transcription and, further, that it plays the central role in the coactivator unaltered ( Figure 5A ). RT-PCR analysis showed a reduction, already apparent at 24 hr, in the level of endogefunction of the OCA-S complex. The apparent dispensability of p60/Sti1 for H2B transcription in vitro (Figure nous H2B mRNA in concert with the decline of the nuclear p38/GAPDH level, while the level of ␤-actin mRNA 4B) suggests a functional redundancy for p60/Sti1 in the p60/Sti1-deficient nuclear extract, which contained remained constant ( Figure 5C ). A second p38/GAPDHspecific short interfering double-strand RNA (siRNA) normal levels of other OCA-S-associated proteins ( Figure 4A) ; however, it is also possible that p60/Sti1 and that targets a different mRNA region was also employed and produced similar results (data not shown). Interestother untested OCA-S proteins might be required for the transcription of natural (chromatin) templates or for ingly, the level of H4 mRNA was also decreased, but this was apparent only at a relatively late time (60 hr) after another function(s) of the OCA-S complex (see Discussion).
RNAi treatment ( Figure 5D ). We reason that inhibition of H4 mRNA expression is secondary to the cell cycle effect To verify that the reduction of H2B transcription in p38/GAPDH-depleted nuclear extracts is due directly to caused by inhibition of H2B mRNA expression. This is consistent with previous reports showing that expresa missing p38/GAPDH function, the ability of homoge- -4) , or p60/Sti1-(lanes 5-6) depleted nuclear extracts in the presence (lanes 2, 4, and 6) or absence (lanes 1, 3, and 5) of purified recombinant OCA-B. (E and F) f-p38-HA purified from either nuclear (N. Ext) or cytoplasmic (S100) extracts of f-p38-HA-expressing Hela cells. M2-and anti-HAagarose-purified f-p38-HA (lanes 2 and 4) and the eluate from control extracts (lanes 1 and 3) were analyzed by SDS/PAGE-silver staining (E) or by immunoblot with anti-p38/GAPDH antibodies (F). (G) Position of endogenous p38/GAPDH in the SDS protein gel. Control (lane 1) and f-p38-HA-expressing (lane 2) cell nuclear extracts were analyzed directly by Western blot with anti-p38/GAPDH antibodies. Due to its low expression, f-p38-HA was not observed in the analysis (lane 2), the input (0.2 l nuclear extract) of which was optimized for detection of endogenous p38/GAPDH. The eluate loaded in (F) corresponds to ‫2.0ف‬ ml nuclear extract. (H) H2B promoter activity in normal (lane 1) or p38/GAPDH-depleted nuclear extracts without (lane 2) or with control S100 (lanes 3-4) or nuclear extract (lanes 5-6) eluates, or with f-p38-HA from S100 (lanes 7-8) or nuclear (lanes 9-10) extracts. The two doses of f-p38-HA used were ‫01ف‬ and 20 ng, respectively. sion of H3 and H4 was decreased upon deletion of H2B reduced 4-to 5-fold by RNAi treatment, whereas the basal octamer-independent activity of the mutant proloci in yeast, presumably due to cell cycle arrest in H2B-defective cells (Han et al., 1987) . moter was unaffected ( Figure 5E ). These results confirm a p38/GAPDH coactivation function for octamer-/OctWe thus expected that a block in p38/GAPDH expression would inhibit cell cycle progression into S phase.
1-dependent transcription of the H2B promoter. Indeed, the percentage of S phase cells, monitored by BrdU incorporation, was found to decrease in U2OS S Phase-Specific Recruitment of OCA-S/p38/ GAPDH to the H2B Promoter cells treated with p38/GAPDH siRNA for 48 hr ( Figure  5B) . Nevertheless, at an earlier time when the S phase It is expected that a cell cycle-dependent modulation of OCA-S protein abundance and/or activity underlies progression was only marginally affected, i.e., at 24 hr after RNAi treatment ( Figure 5B ), a significant reduction S phase-specific H2B promoter activation. To investigate possible changes in protein levels, cells were synin the level of H2B mRNA was already obvious ( Figure  5C ). This suggests that this reduction is not due to a chronized at various stages by aphidicolin treatment, density arrest (data not shown), or centrifugal elutriation nonspecific effect of cell cycle arrest. Conversely, the lag in the reduction of the H4 mRNA synthesis most ( Figure 6A ). Regardless of which approach was used for synchronization, immunoblot analyses of either wholelikely results from a blockage of S phase progression. Therefore, as in yeast, expression of histone genes in cell (data not shown) or nuclear ( Figure 6B ) extracts with available antibodies showed that the protein levels of mammalian cells is highly coordinated and essential for S phase progression.
the OCA-S proteins do not change significantly throughout the cell cycle. To further assess whether the removal of p38/GAPDH has a direct effect on H2B transcription, we examined We thus explored another possible modulation, i.e., recruitment of p38/GAPDH and/or other OCA-S proteins the effect of p38/GAPDH RNAi on wild-type and octamer-mutated H2B promoter reporters in transfected to the H2B promoter. As revealed by ChIP assays, the H2B promoter in unsynchronized HeLa cells is occupied U2OS cells. The activity of the wild-type promoter was not on the H4 promoter or microsatellite DNA, was detected when 40-cycle PCR was used ( Figure 6D versus  6F or 6H ). This suggests a specific, albeit possibly more indirect, association of p60/Sti1 with the H2B promoter. Apparently, this association is also S phase-dependent ( Figure 6D) . Similarly, 40-cycle PCR, but not 30-cycle PCR, revealed an association (possibly more indirect) of NPAT with both H2B and H4 promoters (Figures 6D  and 6F ). This is in line with an upstream and broader role of NPAT in regulating the transcription of all histone subtypes (Zhao et al., 2000; Ma et al., 2000) .
The S phase-specific association of NPAT with the H2B promoter ( Figure 6D) first attempted to recapitulate cell cycle dependent H2B transcription in vitro using nuclear extracts of HeLa cells separated by elutriation at various stages ( Figure 6A) . In both by Oct-1 and by OCA-S proteins including p18/ nm23-H2, p20/nm23-H1, p38/GAPDH, and p60/Sti1 (data line with in vivo results (LaBella et al., 1988), an S phase nuclear extract supported high-level H2B transcription, not shown). We next focused on the recruitment of Oct-1, p60/Sti1, and p38/GAPDH proteins to the H2B whereas G1 and G2 phase nuclear extracts supported only low-level H2B transcription ( Figure 7A, lanes 1-4) . In promoter in cells synchronized by centrifugal elutriation. DNA derived from antibody-precipitated chromatin was contrast, OCA-B-dependent IgH promoter activity was equally active in random or staged extracts ( Figure 7A , subjected to PCR using primers for the indicated promoter/DNA regions ( Figures 6C-6H ). In the assays where lanes 5-8). This assay system thus offered an opportunity to as-30 cycle PCR was used for amplification, occupancy of the H2B promoter by p38/GAPDH was detected only in sess the OCA-S dependency of H2B activities in both S phase and G1 or G2 phase. To this end, we used a S phase, whereas occupancy by Oct-1 was detected in G1, S, and G2 phases ( Figure 6C ). Importantly, and as direct antibody inhibition assay in which nuclear extracts were incubated with anti-p38/GAPDH or anti-p60/ strong evidence for its promoter specificity, p38/GAPDH was not detected on the H4 promoter ( Figure 6E ). By Sti1 antibodies prior to being used for transcription. In an initial test of this approach and consistent with the contrast, the Rb family protein Rb2/p130 was selectively recruited to the E2F-recognized H4 promoter in G1, but immunodepletion data (Figure 4) , anti-p38/GAPDH, but not anti-p60/Sti1, antibodies inhibited H2B transcription not S or G2, phase ( Figure 6E ), as was E2F-4 (data not shown). This is consistent with the suggestion that Rb2/ in an extract from unsynchronized cells ( Figure 7B ). Similarly, anti-p38/GAPDH, but not anti-p60/Sti1, antibodies p130 represses E2F-regulated promoter activity at G1 phase via members (mainly E2F-4) of the E2F family inhibited H2B transcription in S phase extract ( Figure  7C , lane 7 versus lane 3; Figure 7D ). In marked contrast, (Takahashi et al., 2000) . As an additional control, microsatellite DNA was not amplified from any precipitated neither of the antibodies had any effect on H2B transcription in either G1 or G2 phase extracts ( Figure 7C , chromatin DNA (Figures 6G or 6H) . These results indicate that p38/GAPDH is recruited specifically to the H2B lanes 6 and 8 versus lanes 2 and 4; Figure 7D ). That the inhibitory effect is specific for the in vitro-recapitulated promoter in an S phase-dependent manner and, in view of a direct p38/GAPDH-Oct-1 interaction (Figure 2) , fur-S phase H2B transcription clearly strengthens the notion that p38/GAPDH, as a key component of a bona fide ther suggest that this recruitment is central to the S phase regulation of H2B transcription.
H2B Promoter Activation In Vitro
Oct-1 coactivator, is indeed responsible for S phaseinducible transcription of the H2B gene. The presence of p60/Sti1 on the H2B promoter, but 
Modulation of OCA-S Function by NAD

؉
/NADH
promoter-associated proteins were analyzed by immunoblotting with corresponding antibodies. As indicated NAD ϩ and NADH are essential coenzymes for the enzymatic activities of cytosolic GAPDH and LDH and, fur-( Figure 8B ), p38/GAPDH and Oct-1 bound to promoter fragments in an octamer-dependent manner, whereas ther, have been shown to modulate the functions of several factors involved in transcriptional regulation (see NF-YA bound to promoter fragments in a CAAT-boxdependent manner, and little or no cooperative binding below). Hence, our findings that p38/GAPDH is an essential OCA-S component, and that p36/LDH is also part was observed. We then explored the effects of NAD ϩ / NADH on the association of p38/GAPDH with the wildof the OCA-S complex, make it important to determine whether there is a link between the OCA-S activity and type H2B promoter. To avoid the influence of possible endogenous (free) NAD ϩ /NADH, we analyzed such an the cellular metabolic state/redox status. To this end, we first employed a GST pull-down assay to test the association in a nuclear extract-derived chromatographic fraction (P11, 0.3 M KCl) that was enriched for effects of NAD Figure 8D, upper image, lanes 7-11) . In The S phase-specific recruitment of p38/GAPDH/OCA-S contrast, the OCA-B-dependent IgH promoter activity to the H2B promoter is probably central to the regulation was unaffected by either NAD ϩ or NADH ( Figure 8D , of the OCA-S activity. Since we observed no changes lower image). The concentrations of NAD ϩ or NADH in the levels of OCA-S subunits throughout the cell cycle, required for their stimulatory or inhibitory effects on H2B the most likely scenarios for the modulation of OCA-S transcription ( Figure 8D ) are considerably higher than activity include posttranslational modifications by, or those that modulate the Oct-1-p38/GAPDH interactions interactions with, other S phase-specific factors that ( Figures 8A and 8C ). This could be due to persistence facilitate intracellular translocations and/or promoter of endogenous redox system(s) in the partially purified occupancy (including Oct-1 interactions) of one or more transcription system and/or other complications associ-OCA-S subunits. In this regard, the selective function ated with the reactions. Nevertheless, the results from of affinity purified nuclear p38/GAPDH, relative to the all three approaches lead us to conclude that the redox cytoplasmic form, clearly points to some modificastatus of NAD ϩ /NADH can significantly modulate the tion(s). interaction of Oct-1 with p38/GAPDH, as well as H2B Also of note is the modulation of p38/GAPDH-Oct-1 transcription.
interactions and OCA-S transcription activity by NAD 
